The kinetic properties of coconut shells during pyrolysis were studied to determine its reactivity in ground form. The kinetic parameters were determined by using thermogravimetric analyser. The activation energy was 122.780 kJ/mol. The pyrolysis products were analyzed using pyrolysis gas chromatography/mass spectrometry (Py-GC/MS). The effects of pyrolysis temperature on the distribution of the pyrolytic products were assessed in a temperature range between 673 K and 1073 K. The set time for pyrolysis was 2 s. Several compounds were observed; they were grouped into alkanes, acids, ethers and alcohols, esters, aldehydes and ketones, furans and pyrans, aromatic compounds, and nitrogen containing compounds. The product compositions varied with temperature in that range. The highest gas proportion was observed at high temperature while the acid proportion was observed to be highest in coconut shells, thus lowering the quality of bio-oil. It has been concluded that higher pyrolysis temperature increases the amount of pyrolysis products to a maximum value. It has been recommended to use coconut shell for production of gas, instead of production of bio-oil due to its high proportion of acetic acid.
Introduction
The consumption of biomass fuel is increasing worldwide due to concerns over energy shortage of fossil fuels and due to increasing of carbon dioxide emission. Sustainable production of biomass fuel from forest and agriculture products can displace fossil fuels. Although burning of biomass fuels releases carbon dioxide, the regrowth of the sustainable managed trees offset that release, a property not possible with fossil fuels. This forest fuel can supply energy virtually without net contribution to greenhouse gas levels. Many African countries depend on agricultural activities and have abundant forest resources and agrowaste that can benefit them in energy production.
Tanzania is one among the African countries, which is located in the equatorial region. It has large source of biomass material. The agricultural sector has about 10 million hectares [1] . Biomass makes 88% of the primary energy consumption in Tanzania [2] .
The biomass always contains high moisture content, irregular shapes and size, and low bulk density, when collected from the field. This makes the biomass have low energy density and become expensive and difficult to manage. It is dried and used for combustion directly, but in developed countries after drying the biomass is densified for making pellets [3] .
The biomass material constitutes mainly cellulose, hemicellulose, and lignin. The variation proportions of these constituents in different biomass species have been studied in the past, the hemicellulose varies from 25 to 40%wt, cellulose varies from 30 to 40%wt, and lignin is between 5 and 15%wt [4] . The main products during decomposition of lignin are aromatic compounds, while the decomposition products of cellulose and hemicellulose are linear compounds which have the same functional groups.
Although biomass is used as a solid fuel, the demand of liquid and gaseous fuel has made several researchers convert biomass to liquid and gaseous fuel through relevant processes. Pyrolysis is one among the thermal processes that is used to convert solid biomass to liquid fuel. It is the process by which biomass is heated without oxidizing agent. Three main products are obtained as gas, liquid, and solid phases. Note: db = dry basis; df = by difference.
The gas mainly contains carbon dioxide, carbon monoxide, methane, and hydrogen [5] . The solid part is char, which is made up of fixed carbon and ash. The third and main product is liquid, also known as bio-oil, which contains several compounds. The compounds formed depend on the type of biomass species, elemental composition of biomass, and pyrolysis conditions [4] . In this study, the formations of compounds which are constituted in bio-oil were studied by using PY-GC/MS at different pyrolysis temperature, the biomass material used being coconut shells.
Methodology

Biomass Preparation.
The coconut shells were obtained from local farmers of Tanzania. The coconut shells were obtained after removing husks and kernels of the coconut. The coconut shells were sun-dried until they became brittle, followed by grinding to less than 0.25 mm to increase surface area yielding bio-oil during pyrolysis [6] . The grinding machine used was Retsch GmbH 5657 HAAN, type SK1, Nor 72307.
Coconut Shell Characterization
Determination of Ultimate and Proximate Analysis.
Important characteristics of biomass materials were done by determining the proximate and ultimate analysis. The proximate analysis was done to observe the moisture, volatile, fixed carbon, and ash content of the biomass material. Ultimate analysis was done to observe the elemental analysis of biomass materials, such as carbon, hydrogen, oxygen, and nitrogen. The important components of fuels are carbon and hydrogen.
Determination of Gross Calorific
Value. The gross calorific value of the biomass material was obtained by using bomb calorimeter model CAB001.AB1.C. The standard test method for biomass analysis was ASTM E870-82 [7] . These analyses are also considered for determination of combustion properties of a fuel [8] .
Thermogravimetric Analysis.
The biomass materials were dried for two hours in the oven at 378 K (105 ∘ C) to constant weight before subjecting the samples to thermogravimetric analysis. During thermogravimetric analysis, 20 mg (±0.03 mg) of biomass material was put in the crucible and then kept in the thermogravimetric analyzer type NETZSCH STA 409 PC Luxx. The TG was run under nonisothermal conditions and the temperature was raised from room temperature 303 K to 1100 K and the heating medium was nitrogen at a flow rate of 50 mL/min. The standard method used was ASTM E1131-08 [9] . The heating rate applied was 10 K/min.
Analytical Pyrolysis.
The pyrolysis of biomass samples and analysis of product compositions were done by using Py-GC/MS (Agilent Technology 5975C, model number G3174A, serial number US12504A05). A 1 mg (±0.01 mg) sample of biomass material was kept on the filament and heated at a constant temperature for 2 s. The reaction temperatures applied were 673 K (400 ∘ C), 773 K (500 ∘ C), 873 K (600 ∘ C), 973 K (700 ∘ C), and 1073 K (800 ∘ C); the pyrolysis medium was helium. The gas and volatiles produced during pyrolysis were analyzed by using GC/MS. The solid residues left on the filament were measured after each experiment. Each experiment was done three times to ensure it can be repeated.
Results and Discussion
Biomass Characterization.
Test results of the proximate and ultimate analysis of the coconut shells and higher heating value are shown in Table 1 . It has been observed that coconut shells contain high carbon about 50%wt and hydrogen content about 6%wt. The presence of nitrogen and high amount of oxygen about 46%wt reduces the energy content of biomass materials, because these elements do not support combustion [10] . The higher heating value of coconut shell was about 17 MJ/kg; this calorific value is lower than that of conventional fossil fuels such as coal which is about 30 MJ/kg [11] . Therefore, it is important to convert coconut shells to a high energy fuel through thermochemical process such as pyrolysis. The proximate, ultimate analysis and higher heating value obtained in this study are in agreement with other biomass characterization studies done [12] . Table 2 shows the cellulose, hemicellulose, and lignin of coconut shells as reported by different researchers [13, 14] . When coconut shells are compared to the other wood biomass such as pine, it has been reported that coconut shells contain higher composition of hemicellulose and small amount of cellulose [14] .
Thermogravimetric (TG) Analysis of Biomass.
The TG and DTG profiles of biomass sample were drawn (shown in Figures 1(a) and 1(b)). The profile is divided into three regions. The first region is formed between room temperature and 500 K; this is due to moisture removal; there is no chemical reaction taking place in this region. The second region is devolatilization process. In this region, a high mass loss is observed; it started above 500 K depending on type of [13] biomass material [15] . The devolatilization of coconut shell is between 500 K and 1000 K; the curve has a kink at about 600 K which differentiates between light and heavy volatiles [16] . The light volatiles are released at low temperature, while heavy volatiles are released at high temperature. Furthermore, the DTG (Figure 1(b) ) curves show the degradation of biomass components (hemicellulose, cellulose, and lignin). The first peak shows the degradation of hemicellulose, followed by cellulose, while lignin has very short peak but wide peak which spread to overlap hemicelluloses and cellulose. However, the peaks of cellulose and hemicellulose overlap in the DTG of coconut shells, but they can be differentiated, the peak of cellulose appeared at 640 K, and the hemicellulose peak appeared at 550 K. The peak height of hemicellulose in coconut shells is larger than that of cellulose, since coconut shells contain higher amount of hemicellulose as shown in Table 2 . The lignin degradation starts above 500 K, but the final temperature depends on the type of the biomass material. The final temperature for lignin degradation for coconut shells is about 1000 K. This means that the pyrolysis temperature for any biomass material should be above its final temperature of cellulose, because at that temperature all volatiles from biomass will be already removed. The kinetic parameters were determined in order to understand the biomass degradation behavior. The method used was Coats and Redfern method ( (1) and (2)). Equation (1) is applied when the thermodegradation of biomass is first order ( = 1) and (2) when the reaction is not first order ( ̸ = 1) [17] . The graph in Figure 2 was obtained after solving (1), since biomass degradation was observed to fit on first order. The activation energy for coconut shells is 122.780 kJ/mol, preexponential factor is 2.177 × 10 9 /s, and the reaction is first order. Consider
(2)
Biomass Pyrolysis by Using PY-GC/MS. PY-GC/MS uses
isothermal process whereby the biomass sample is heated at a constant temperature. The PY-GC/MS cannot measure the yield of products produced, but it provides the peak area (intensity) of the products. The intensity corresponds to the amount of products produced during pyrolysis [18] . There are several chemical compounds formed during biomass pyrolysis. But the compounds that will be discussed in this study are those that vary with pyrolysis temperature according to their chromatograms. The chromatograms of biomass depend on both types of biomass and pyrolysis temperature.
The analysis of biomass pyrolysis products shows that there are several chemical compounds produced during pyrolysis. The details of chemical compounds observed during pyrolysis of biomass material are shown in the chromatograms (Figure 4) . The origins of the compounds are derived from three components of biomass; these are cellulose, hemicellulose, and lignin. The products that are derived from cellulose and hemicellulose are grouped into gas, alkane, alcohol, furan, carboxylic acid, ketone, aldehyde, and pyran [19, 20] . Phenols and benzene related compounds are derived from lignin [21, 22] .
The Gas.
It has been observed that the gas yield increases as pyrolysis temperature increases as shown in Figure 3 , with this also being reported by other researchers such as Bridgwater [23] . The main components of the gas are carbon dioxide (CO 2 ), carbon monoxide (CO), methane (CH 4 ), and hydrogen (H 2 ). The increase of the yield of gaseous products is due to decarboxylation and decarbonylation [24, 25] .
Alkane.
The alkane produced during biomass pyrolysis is pentane, the amount which increases with increasing temperature. The alkanes are important compounds in biooil production, since it is very combustible. The alkane is produced through a cracking of high hydrocarbons in biomass during the pyrolysis process and the yield is between 2 and 6%, while in catalytic pyrolysis the yield can reach up to 24.66% [26] .
Acids.
The acid observed is only acetic acid. The acids reduce the pH of the bio-oil produced during pyrolysis [27] . The acids are produced when hemicellulose and cellulose are decomposing [5, 28] . The acids are formed by removing acetyl groups in xylose [29] , but Güllü and Demirbaş [30] reported that acids are also formed due to decomposition of all three wood components (cellulose, hemicellulose, and lignin). Furthermore, high proportion of acid content (about 20%) was observed in coconut shells attributable to its high amount of hemicellulose, while the other biomass produces acetic acid in the range of 5 to 15% [31] as observed in Table 3 and in the DTG curve (Figure 1(b) ). The detailed analysis of acids is shown in Table 3 .
Ethers, Esters, and Alcohols.
The ethers, esters, and alcohols were produced during biomass pyrolysis as shown in Table 3 . The ethers produced are in the form of oxirane, methyl-,(S)-and 1,3-dioxolane,2-3 ethenyl-4-methyl-. The alcohol is in the form of propyl alcohol. The esters formed during pyrolysis of biomass are acetic acid methyl ester and propanoic acid,2-oxo-,methyl ester. The formation of ethers, esters, and alcohols is due to decomposition of cellulose, hemicellulose, and lignin [29] .
Furans and Pyrans.
Furans and pyrans are formed from all biomass during thermal decomposition. They are derived from cellulose, while pyrans are produced from the destruction of hemicelluloses [32, 33] . The furfural and 2H-pyran-2,6(3H)-dione were produced at high temperature only. The proportions of compounds were not affected by increasing temperature as shown in Table 3 .
Aldehydes and Ketones.
The aldehydes and ketones are derived from the degradation of cellulose, as proposed by Piskorz et al. [34] . Aldehydes are formed through dehydration of cellulose, while Gao et al. [29] reported that ketones are formed by breaking the molecular bonds between C2 and C3 of glucose monomers and hemiacetal group loops. Generally, the temperature has least effect on the production of aldehydes and ketones. The aldehyde compound formed during pyrolysis of coconut shells is acetaldehyde hydroxyl, which is produced at all temperature ranges. While the compounds for ketones are 2-propanone, 1-hydroxy-, 1,2-cyclopentanedione, 2-pentanone, and 3-pentanone. They are produced at high temperature. The temperature has less effect on production of ketone compounds in all biomass materials. such as phenolic, guaiacyl, and syringyl compounds. The product distribution and the yield of products are strongly dependent on the type of biomass [35] . These show that there is no uniform trend for methoxy phenols; this was also observed by Niemz et al. [36] . The relation of phenol formation is not the same to all biomass; each type of biomass behaves differently. Brebu and Vasile [35] reported that guaiacol and syringols are intermediate degradation products, they are decreasing with increasing pyrolysis temperature, and they form vinyl phenols by cleavage of the O-C (alkyl) and O-C (aryl) bonds and other small molecular compounds. The proportions of aromatic compounds are shown in Table 3 . Coconut shell has a high proportion of aromatic compounds at lower temperature.
Nitrogen
Compounds. Furthermore, it has been observed that there is a formation of organic compounds containing nitrogen as shown in Table 3 . This is the evidence that nitrogen in the biomass is in the form of compounds such as protein [37, 38] . Literature has reported the formation of nitrogen containing compounds during pyrolysis [37, 38] . The analysis of different studies [37, 38] revealed that the formation of nitrogen containing compounds during pyrolysis is due to amino groups present in the biomass. Ammonia and nitrogen oxides can be released during pyrolysis; this means the compounds containing nitrogen were decomposed into ammonia and other low molecular weight compounds. In this study, it has been observed that the nitrogen containing compounds decrease by increasing reaction temperature. The nitrogen containing compounds formed were 2-imidazolidinone and 2-methyliminoperhydro-1,3-oxirane. those formed at higher temperature (>773 K). The aromatic compounds are produced due to the decomposition of lignin.
The Formation of Aromatic Compound during Pyrolysis.
When lignin is heated at low temperature, the compounds formed are 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol, 2-propernoic acid,3-(4-hydroxy)-3-methoxyphenyl, Phenol-2-6-dimethoxy-4-(2-propenyl), 3-hydroxy-4-methoxybenzoic acid and valinin. Generally, these aromatic compounds have long braches as shown in Figure 5 . This can be explained that the temperature was not high enough to break the bond of linear compound from benzene ring.
The aromatic compounds that are formed at high temperature were phenol, trans-isoeugenol, phenol,2-methoxy, and 2-methoxy-4-vinylphenol as shown in Figure 6 . These aromatic compounds have shorter branches of linear 7 compounds than the former ones formed at low temperature. This can be seen that the linear compounds that attached to the benzene rings are removed when the high temperature is applied to the lignin. The linear compounds that have been removed from lignin increase the amount of other liner compounds such as, shown in Figure 4 , acetic acid methyl ester, propanoic acid,2-oxo-,methyl ester, oxirane, methyl-,(S)-, 2-pentanone, acetaldehyde hydroxy-, 1,2-cyclopentanedione, and some gaseous compounds as shown in Table 3 . Also, it has been observed that the amount of phenol increases as temperature increases for the same reasons.
Conclusion
The characterization of coconut shell shows that the activation energy of coconut shell was 122.780 kJ/mol; this resembles other biomass materials which are in the range of 60 to 200 kJ/mol [39] .
The incremental reaction temperature during pyrolysis increases the intensity of the pyrolysis products, which reveal the increment of the amount of the products. Some compounds only appear at a certain temperature range. There are several compounds that were formed at low temperature (673 K) such as vanillin, phenol,2,6-dimethoxy, and 4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol, and creosol. Some compounds were also produced at high temperature (above 773 K) such as 1,2-cyclopentanedione and 2H-pyran-2,6(3H)-dione.
It has been observed that amounts of some linear compounds and phenol increase at high temperature due to the removal of linear compounds of aromatic compounds.
The coconut shell cannot be a good source of liquid (bio-oil) fuel, since it has a high proportion of acetic acid and nitrogen containing compounds, lower pentane and aldehyde, and lower furans, but it contains higher proportion of phenolic compounds. Instead, it can be a good source of gaseous fuel (such as syngas). 
